Population. The Community Participatory Approach to Measuring Farmworker Pesticide Exposure (PACE3) study builds on > 10 years of community-based participatory research conducted by a partnership of Wake Forest University School of Medicine and the North Carolina Farmworkers Project. PACE3 used a two-stage procedure to select farmworkers; details are presented elsewhere (Arcury et al. 2009a; Quandt et al. 2010) . Briefly, three partnering agencies prepared lists of farmworker camps for the counties that they served. Camps were randomized and approached in order until each agency recruited a minimum number of camps and a specified number of participants. In total, 287 farmworkers were recruited. Of all farm workers approached by the interviewers, 13 chose not to participate, for a participation rate of 95.7%. At the second round of data collection, 41 participants were lost to follow-up; 20 were lost at the third round, and 12 were lost at the fourth round. Four rounds of data collection were completed with 197 farmworkers, three rounds with 27, two rounds with 14, and one round with 49.
Epidemiological studies on the potential effects of organophosphate pesticide exposure have provided conflicting results, especially with chronic, low levels of exposures where immediate effects are absent (reviewed by Ray 1998; Ray and Richards 2001) . One potential effect modifier in these studies is genetic variability of pesticide metabolism genes, which may allow some individuals to metabolize pesticides at greater rates than others.
The effective dose of pesticide exposure an individual receives is dependent on the initial environmental exposure, but it is also influenced by an individual's innate ability to detoxify and excrete specific pesticides or classes of pesticides. This is partially determined by the genes that encode for proteins involved in these metabolic processes. Genetic variation of these genes likely leads to differential ability to metabolize these toxicants, leading to variability in the susceptibility to the effects of chronic exposure. Two protein families that metabolize organophosphorus pesticides are the cytochrome P450s and the para oxonases (PONs), specifically PON1 (EC 3.1.1.2). Polymorphisms in PON1 have been reported to be correlated with levels of PON1 enzyme (reviewed by Costa et al. 2003) , suggesting that genetic variation contributes to the level or activity of this enzyme. A comprehensive analysis of the genes potentially involved in organophosphorus pesticide metabolism is necessary to identify the individual single-nucleotide polymorphisms (SNPs) that contribute to individual variability in organophosphorus pesticide metabolism.
Organophosphates are potent cholinesterase inhibitors (Costa 2006) . We previously reported that the number of organophosphorus and carbamate pesticides detected in the urine of farmworkers predicted reductions in cholinesterase activity, independent of other confounders (Quandt et al. 2010) . Therefore, cholinesterase activity can provide an indirect measurement of pesticide exposure (reviewed by Nigg and Knaak 2000) . The goal of this study was to characterize genetic variation of specific genes involved in organophosphorus pesticide metabolism in an effort to identify those individuals most at risk of the potential adverse health effects from chronic organophosphate exposure.
Background: Organophosphate pesticides act as cholinesterase inhibitors. For those with agricultural exposure to these chemicals, risk of potential exposure-related health effects may be modified by genetic variability in cholinesterase metabolism. Cholinesterase activity is a useful, indirect measurement of pesticide exposure, especially in high-risk individuals such as farmworkers. To understand fully the links between pesticide exposure and potential human disease, analyses must be able to consider genetic variability in pesticide metabolism. oBjectives: We studied participants in the Community Participatory Approach to Measuring Farmworker Pesticide Exposure (PACE3) study to determine whether cholinesterase levels are associated with single-nucleotide polymorphisms (SNPs) involved in pesticide metabolism. Methods: Cholinesterase levels were measured from blood samples taken from 287 PACE3 participants at up to four time points during the 2007 growing season. We performed association tests of cholinesterase levels and 256 SNPs in 30 candidate genes potentially involved in pesticide metabolism. A false discovery rate (FDR) p-value was used to account for multiple testing. results: Thirty-five SNPs were associated (unadjusted p < 0.05) based on at least one of the genetic models tested (general, additive, dominant, and recessive). The strongest evidence of association with cholinesterase levels was observed with two SNPs, rs2668207 and rs2048493, in the butyrylcholinesterase (BCHE) gene (FDR adjusted p = 0.15 for both; unadjusted p = 0.00098 and 0.00068, respectively). In participants with at least one minor allele, cholinesterase levels were lower by 4.3-9.5% at all time points, consistent with an effect that is independent of pesticide exposure. Cholinesterase measurement. Blood samples to measure cholinesterase activity were collected at each interview (up to four total). Farmworkers cleaned their fingers with alcohol wipes, and data collectors pricked a finger of each farmworker using a sterile lancet. The resulting blood drops were applied to 903 Protein Saver paper (Whatman Ltd., Piscataway, NJ), soaking through a printed half-inch circle that holds 75-80 μL blood. Samples were labeled, allowed to dry, placed in a paper envelope, and then sealed in a plastic bag for transport to the laboratory.
The dried blood samples were delivered to the U.S. Environmental Protection Agency (Cellular and Molecular Toxicology Branch, Neurotoxicology Division, National Health and Environmental Effects Research Laboratory) and analyzed using the method of Hilborn and Padilla (2004) . Briefly, dried blood spots were punched out of the filter paper with a standard hole punch. Only those that were 98-100% saturated with blood on both sides of the filter paper were used for the final analysis (90.2% of the samples met these criteria). Previous work had estimated that each punch contained approximately 15 μL fresh blood (Hilborn and Padilla 2004) . The punch was then added to 500 μL Triton/ Ellman buffer (0.1 mM sodium phosphate buffer, pH 8.0, plus 1% Triton X-100). To allow the whole blood to elute, each vial containing buffer and the punch was refrigerated for 17 hr and then placed in a shaking water bath (26°C) for an additional 4 hr. The Triton/Ellman buffer was then removed from the vial and analyzed for cholinesterase activity using 15 μL of each sample and a basic Ellman assay (Ellman et al. 1961 ) modified for use in a microtiter plate reader (Nostrandt et al. 1993) . All samples from a participant were analyzed on the same day. A reference sample (rat brain homogenate) was run on each plate to ensure consistency among plates; the coefficient of variation for these reference samples was 0.05. Activity was reported as nanomoles acetyl thiocholine hydrolyzed per minute per milliliter of whole blood.
SNP selection and genotyping. During the first data collection visit, participants provided saliva for DNA isolation using the OraGene DNA Self-Collection Kit (DNA Genotek, Inc. Kanata, Ontario, Canada), and DNA was isolated according to the manufacturer's instructions. We used a strategy that allowed for the maximum genetic information, in addition to potential functional SNPs from each locus, to select SNPs from genomic regions containing genes hypothesized to be involved with pesticide metabo lism. Where several genes were clustered in a chromo somal region, the entire genomic region was tested (e.g., PON1, PON2, and PON3). We thoroughly evaluated each locus using the Tagger program (de Bakker et al. 2005 ) to identify tagging SNPs based on both the Centre d'Etude du Polymorphisme Humain (CEPH) Utah (CEU) and combined Asian [Han Chinese in Beijing, China (CHB), plus Japanese in Tokyo, Japan (JPT)] populations from the International HapMap Project (International HapMap Consortium 2003) . The pairwise tagging algorithm was used with an r 2 of 0.80 in the CEU and CHB + JPT populations separately, and then redundant SNPs were removed. Potential functional SNPs [those that were located in coding regions or were evolutionarily conserved based on the conservation track of the UCSC Genome Browser (University of California, Santa Cruz; http:// genome.ucsc.edu) were also given priority. Thirty-four previously described ancestry informative markers (AIMs) were included so that genetic ancestry could be evaluated and used as a covariate for all statistical analyses (Choudhry et al. 2006) . Genotyping was performed using the GoldenGate assay and the BeadArray 500GX reader (Illumina Inc., San Diego, CA). Clustering of alleles and initial quality control steps were performed with BeadStudio (Illumina Inc.). We selected a total of 336 SNPs from the candidate loci based on these criteria; of these, 287 were genotyped successfully and analyzed. From the entire (Wigginton et al. 2005) implemented in the computer program Haploview (Barrett et al. 2005) . We used Structure software (Pritchard et al. 2000) to infer population structure by evaluating the 34 AIMs geno typed in this study. A model with two populations (k = 2) showed the best fit (with the lowest natural log likeli hood). The proportion of ancestry in population 1 was used as a covariate in the following association analysis. Principal component analysis was also performed separately using JMP Genomics (SAS Institute Inc., Cary, NC) to view the genetic ancestry compared with samples from the International HapMap Project (International HapMap Consortium 2003) . We used the three principal components that described the largest proportion of the variance (23.3%, 9.8%, and 5.0%) to generate these data.
We checked cholinesterase values for normality in order to confirm the distributional assumptions of the test and minimize heterogeneity of variance. These values were normally distributed and did not require further transformation for analysis. We evaluated associations between cholinesterase levels measured over the four time points, and genotyped SNPs using a mixed effect model, where random intercept was applied with camp site as the clustering variable; the covariance matrix was estimated at the individual within-camp level. A general test of association (the two degree-offreedom test of genotypic association) and three individual contrasts defined by a priori genetic models (additive, dominant, and recessive) were computed. Associations were adjusted for age, sex, proportion of ancestry, and time period. We used false discovery rate (FDR) (Benjamini and Hochberg 1995; Benjamini and Yekateuli 2001) to adjust for the multiple comparisons. FDR controls the expected proportion of falsely rejected hypothe ses (the FDR). Its threshold is determined from the observed p-value distribution and is adaptive to the amount of significant results in the data; the FDR is less conservative than the commonly used Bonferroni adjustment. In this study, we calculated FDR-adjusted p-values using the procedure "multtest" in SAS (SAS Institute Inc.)
Results
The data used in this analysis were collected from 287 individuals in 2007 as part of a community-based participatory research project conducted in east central North Carolina (Table 1) Figure 2) . We observed the strongest evidence of association with two SNPs, rs2668207 and rs2048493 (Table 3; unadjusted p = 0.00098 and 0.00068, respectively; FDR adjusted p = 0.15 for both SNPs), which were in strong linkage disequilibrium (LD; r 2 = 0.81). A dominant effect was consistent with the pattern of cholinesterase levels over time, where individuals carrying one or more minor alleles had lower cholinesterase activity than did individuals homozygous for the major allele, even over multiple time points (Figure 3) . The results for all SNPs analyzed are provided in Supplemental Material, Table 1 (doi:10.1289/ehp.0901764).
Discussion
Organophosphorus pesticides act as cholinesterase inhibitors and thus may lead to an increase in the neuro transmitter acetyl choline. We have evaluated 287 SNPs in a set of 30 genes potentially involved in the metabolism or detoxification of organophosphate pesticides in a unique farmworker popu lation. SNPs with the strongest evidence of association with cholinesterase activity were located in the BCHE gene. For the two SNPs with the highest levels of significance in BCHE, individuals with the major allele geno type had the highest cholinesterase activity over all four time periods. Individuals who were hetero zygous or homo zygous for the minor allele had significantly lower cholinesterase activity. Mutations within BCHE have been associated previously with altered BCHE activity (Rubinstein et al. 1978) , many of which cause non synonymous coding changes. Sixteen variants-described in the Online Mendelian Inheritance in Man (OMIM) database (http:// www.ncbi.nlm.nih.gov/omim)-tend to be strongly associated with BCHE activity. Many of these variants are rare and have low homozygous frequencies (e.g., 1/150,000) or have been identified in isolated families. One of the more common variants of BCHE, the well-studied "K" variant (Ala539Thr; rs1126680), is estimated to have a homozygous frequency of 1% and has been shown to decrease the activity of BCHE by 33% (Rubinstein et al. 1978) . These data are consistent with genetic variability and human complex pheno types, for which rare, deleterious mutations (e.g., deletions, non synonymous amino acid substitutions) have a strong impact on the function of a protein, and common, conservative polymorphisms (e.g., intronic, synonymous amino acid changes) lead to more subtle changes. This is the first reported analysis of common genetic variation in BCHE with cholinesterase activity. As opposed to the rare mutations, the present data suggest that common BCHE variations, particularly rs2668207 and rs2048493, are associated with subtle changes (4.3-9.5%) in cholinesterase activity across all four time points. Although this result is not surprising, these decreases could also be due to a marked decrease in activity of either BCHE or ACHE, which we measured simultaneously in our assay. For example, if variation in BCHE is controlled by the BCHE gene but variation of ACHE is not, then our ability to identify this association may be masked when both are measured a The K-variant (rs1803274), reported previously by Rubinstein et al. (1978) , is at the 3´ end of the gene. Bold SNPs are located within haplotype blocks and have a minor allele frequency ≥ 0.05. simultaneously. The overall change in cholinesterase activity throughout the growing season may be due to the timing of pesticide application because of the various crops being grown (Arcury et al. 2009b; Quandt et al. 2010) . The overall pattern of cholinesterase activity was similar between genotypes over the four time periods, and individuals with the risk genotypes had the lowest cholinesterase activity, especially at the second and third time points. These decreases are relatively minor, and it remains to be determined if these subtle changes, over time, increase the risk of chronic diseases associated with cholinesterase inhibition.
Surprisingly, we did not observe associations with any SNPs in PON1, an esterase associated with high-density lipoproteins that detoxifies some organophosphate pesticides and thus prevents the pesticides from inhibiting cholinesterase. Polymorphisms in PON1 have been associated with PON1 concentration or activity Holland et al. 2006 ). Both promoter and coding SNPs have been examined, as well as haplo type analyses combining the two groups ). These studies strongly suggest that genetic variation in PON1 partially regulates the ability of PON1 to detoxify organophosphorus pesticides. To comprehensively evaluate PON1 and the two nearby genes, PON2 and PON3, we genotyped 57 SNPs, encompassing > 136 kb on chromosome 7q. These SNPs included rs662 (Q192R) and rs854560 (L55V), which have been examined previously in multiple studies Holland et al. 2006) . These studies have identified associations predominately with levels of serum cholinesterase, which is predominately BCHE (Hofmann et al. 2009; Sirivarasai et al. 2007) . Given that our assay measured a combination of BCHE and ACHE, the effect of PON1 genetic variation on BCHE may have been dampened. In addition, the Mexican ancestry of our population may have contributed to the lack of association with PON1 SNPs. Although the previously studied SNPs are believed to be functional, they could be in LD with other causal SNPs that were not captured by the under lying LD structure in our population.
As with any genetic association study, several limitations must be addressed. First, we evaluated 287 SNPs in 30 candidate genes, so there is an increased risk of identifying false positives due to multiple testing. A simple Bonferroni adjustment based on 287 tests results in a p-value of 0.000174. Our top SNPs approached this level of significance (for rs2048493, p = 0.00068), but they did not meet this threshold. Additional analysis using the FDR approach to account for multiple testing resulted in p-values of 0.15 for both of our top SNPs in BCHE. Although these results are not statistically significant (i.e., p > 0.05), they are interesting and warrant further studies in additional comparable populations. Second, our sample size, although large for a study of migrant and seasonal farmworkers, is small for a genetic association study. This is alleviated somewhat by the longitudinal measurement of cholinesterase activity over four time points and the consistency of the results by genotype of the SNPs in BCHE. Finally, it is possible that the SNPs in BCHE that are associated with cholinesterase activity are not the actual causative SNPs; instead, other nearby SNPs in LD-or a combination of SNPs (e.g., a haplotype)-are likely to be responsible. Further studies in additional populations are required to determine the true genetic contributors in this genomic region.
Investigators have begun to examine the link between pesticide exposure, particularly exposures to organophosphorus pesticides, and genetic variation among farm workers and other agricultural workers (Furlong et al. 2005 Holland et al. 2006 ). However, a comprehensive analysis of the genetic variation, combined with a thorough collection of environmental and behavioral data in farmworkers exposed to pesticides, has not been performed to date. We have evaluated 287 SNPs in 30 genes potentially involved in organophosphorus pesticide metabolism or excretion. Our results indicate that SNPs in BCHE may contribute to the activity of cholinesterase, a target of organophosphorus pesticide. Farmworkers with the risk genotype had the lowest levels of cholinesterase activity. Additional studies of this gene are required to confirm these findings and to identify potential mechanisms of action.
